Abstract. The turbulence regime in a quasi-stationary, horizontally evolving, and sheared boundary layer with bottom buoyancy forcing has been studied numerically by means of large eddy simulations (LES) in conjunction with its experimental investigation in a laboratory wind tunnel. The atmospheric prototype of the investigated boundary layer is commonly observed in the earth's atmosphere during daytime conditions. In meteorology, a boundary layer of this kind is usually called the convective boundary layer (CBL). The case studied of a horizontally evolving CBL corresponds to the boundary layer flow that develops in a stably or neutrally stratified air mass advected over a heated underlying surface.
Introduction
Turbulent flow in the atmospheric convective boundary layer (CBL) is a natural example of a buoyantly driven boundary-layer flow with velocity (or wind) shear. The buoyancy forcing in the atmospheric planetary boundary layer is commonly represented by convective heat transfer from a warm underlying surface. This feature is an apparent reason for calling the considered boundary layer type 'convective' in the geophysical applications of fluid mechanics. The term 'convective' also emphasizes the fact that buoyant convection is the main mechanism of turbulence production in the CBL, whilst the contribution of wind shear to the generation of turbulence is of secondary importance.
The convective forcing generates up-and downward motions that effectively mix momentum and scalar fields inside the CBL. Due to such mixing, the wind and temperature fields in the main portion of the CBL (the so-called convectively mixed layer) do not change considerably with height when averaged over horizontal planes, or over time. In meteorology, the upward convective motions, or updrafts, are commonly referred to as convective thermals. The fast rising convective thermals occupy a lower percentage of the CBL horizontal cross-sectional area than the broader, but slower descending convective motions, or downdrafts.
The mixed core of the CBL is separated from the underlying surface and from the free atmosphere aloft by comparatively narrow sublayers. In the lower region of the CBL, the surface (sub)layer is located. Throughout this layer, the mean flow temperature and velocity change with height in a relatively sharp way. Another sublayer with comparatively sharp vertical variations of mean flow characteristics is located close to the CBL top, where the density interface separates the CBL from the outer free-atmospheric flow. The density interface in the atmospheric CBL appears as a flow region with inverse vertical temperature gradient. Due to this, it is usually called the capping inversion layer (or simply the capping inversion). Wind shear at the surface and wind shear across the inversion layer (also called surface wind shear and elevated wind shear, respectively) contribute to the CBL turbulence regime in conjunction with the dominant convective forcing.
Interaction between the CBL and the outer flow is manifested by the entrainment of heat and momentum across the capping inversion layer down into the convectively mixed core of the CBL. The entrainment is maintained by flow disturbances resulting from the penetration of convective thermals into stably stratified fluid above the CBL.
Data from the classic field studies of atmospheric CBL by Clarke et al [1] , Kaimal et al [2] , Caughey and Palmer [3] , and Lenschow et al [4] are widely used to verify models and
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Vertical transport of heat and momentum parametrizations of the CBL. However, the interpretation of atmospheric field data is severely complicated by the combined effect of wind shear, advection, large-scale subsidence, and gravity waves on the turbulence structure in the atmospheric CBL. These complications stipulated the scientific interest towards laboratory and numerical CBL studies that provide an opportunity to single out and separately quantify effects of different CBL flow forcings.
From the viewpoint of historical retrospective, the non-steady shear-free atmospheric CBL is the most extensively studied CBL case. The turbulence structure in a CBL of this type is assumed to be statistically homogeneous in the horizontal. It was successfully simulated in laboratory water tanks by Deardorff et al [5, 6] , Willis and Deardorff [7] , Deardorff and Willis [8] , Adrian et al [9] , Kumar and Adrian [10] , and Cenedese and Querzoli [11] , and studied numerically, using the large eddy simulation (LES) technique, by Deardorff [12] , Moeng [13] , Wyngaard and Brost [14] , Nieuwstadt and Brost [15] , Mason [16] , and Schmidt and Schumann [17] among others.
The last decade has been marked by application of LES in the studies of variety of driving mechanisms of the non-steady CBL. In particular, the effects of wind shear on the turbulence regime in the non-steady CBL have been numerically investigated by Mason [18] , Moeng and Sullivan [19] , and Khanna and Brasseur [20] .
It is necessary to mention, however, that besides the non-steady CBL there is another CBL case commonly observed in geophysical flows. This is the case of a horizontally evolving CBL. Such a boundary layer develops in a stratified fluid advected over a heated underlying surface. In many instances, turbulent flow in the horizontally evolving CBL may be considered quasistationary. Turbulence properties in this CBL case are much less understood than those of the non-steady CBL. Only recently, laboratory and numerical studies have been conducted that provided a quantitative description of the turbulence regime in the horizontally evolving CBL, see Fedorovich et al [21] , Kaiser and Fedorovich [22] , Fedorovich and Kaiser [23] , Ohya et al [24] , Ohya and Uchida [25] , Fedorovich et al [26, 27] .
The role of wind shears in the CBL turbulence regime also deserves additional investigation. In the majority of reported studies of the sheared CBL, the emphasis has been laid on the surface shear whilst the effects of elevated wind shear on the CBL evolution and turbulent transport across the capping inversion have not been sufficiently addressed. Fedorovich and Kaiser [23] presented results from a series of laboratory experiments with the sheared CBL in the stratified wind tunnel of the University of Karlsruhe (UniKa). In their experimental set-up for the CBL with sheared capping inversion, the mean flow velocity above the inversion was larger than in the convectively mixed region below the inversion. Such elevated wind shear was found to produce a double-sided effect on the dynamics of the horizontally developing CBL. From one side, it led to the pronounced turbulence enhancement in the upper portion of the CBL. From the other side, the CBL with elevated shear grew noticeably slower than the CBL with the shear-free upper interface.
Fedorovich et al [27] tried to associate this damping effect of elevated shear on the CBL growth with the so-called shear sheltering of turbulence previously discussed in Csanady [28] , Jacobs and Durbin [29] , Hunt [30] , and Hunt and Durbin [31] . In the numerical part of their study, Fedorovich et al [27] discovered what they called the directional effect of elevated shear on the growth of the horizontally evolving CBL. In the case of positive wind shear across the inversion layer (the flow above the inversion possesses a larger momentum than mean motion in the mixed layer), the CBL growth has been found to be impeded compared to the case of CBL with the shear-free inversion. Hence, numerical support has been provided to the earlier experimental findings of Fedorovich and Kaiser [23] regarding the damping effect of positive shear on the CBL development. On the other hand, the numerical experiments of Fedorovich et al [27] revealed the activation of boundary layer growth in the case of elevated negative shear
Vertical transport of heat and momentum when the mean flow above the inversion possesses a smaller horizontal momentum than mean motion in the mixed layer. In this way, the effect of negative elevated shear on the CBL growth turned out to be opposite to that of the positive shear.
The authors of [27] failed to interpret the directional effect of elevated wind shear within the framework of shear sheltering theory developed by Hunt and Durbin [31] . However, Fedorovich et al [27] proposed a physical explanation for the discovered influence of shear on the CBL dynamics based on their own considerations of distortion of convective thermals penetrating into the stably stratified environment in the presence of elevated wind shears of different sign. It will become clear from the following analyses that this explanation can by no means be regarded sufficient.
In the present paper, we show and discuss new numerical data on the turbulence structure and integral parameters of the horizontally evolving CBL in the presence of elevated wind shears. Some new data from the wind tunnel experiments on the dispersion of passive scalar in the CBL capped by sheared interface will also be invoked. Our objectives are (i) to investigate the effect of elevated shear and associated entrainment of momentum across the sheared inversion on the interaction between the organized and turbulent components of motion in the horizontally evolving CBL and (ii) to narrow gaps in the preceding physical analyses of the modification of CBL dynamics by elevated wind shears.
The employed LES procedure and the basic features of the wind tunnel experimental technique are briefly described in section 2 of the paper. Examples of mean flow patterns and distributions of turbulence statistics in the simulated CBL with elevated wind shears of different signs will be presented and analysed in section 3. Mostly the numerical results will be shown, however some basic experimental data from the wind tunnel will also be presented. Section 4 will be devoted to physical interpretation of simulation results, a discussion, and conclusions.
Numerical and laboratory simulation techniques

Large eddy simulation
According to the LES methodology described, for example, in Lesieur and Métais [32] , and Piomelli and Chasnov [33] , motions in the simulated turbulent flow are subdivided into the larger-scale, resolved motions that are directly calculated in the nodes of the simulation domain and the smaller-scale, so-called subgrid motions, the integral effect of which is modelled through additional terms in the governing equations for the quantities representing the resolved motions:
where t stands for the time, x i = (x, y, z) are the right-hand Cartesian coordinates,ū i = (ū,v,w) are the resolved-scale components of the velocity vector,T is the resolved-scale temperature, T 0 is the reference temperature, ν is the kinematic viscosity, and µ is the molecular thermal diffusivity. The quantities τ ij = u i u j −ū iūj and Q i = T u i −Tū i are the subgrid stress and subgrid heat flux, respectively, and β = g/T 0 is the buoyancy parameter, where g is the gravity acceleration. The overbar signifies the average over the grid-cell volume which in our case is taken to be the filter procedure for separation of the resolved-scale component of motion from (1) is defined as
wherep is the resolved pressure; p 0 and ρ 0 are the reference values of pressure and density, respectively. The Boussinesq approximation is used in equation (1) to account for the buoyancy forcing. The Coriolis force, which is not important in the considered CBL case (Fedorovich et al [21] ), is neglected in equation (1) . In the employed LES code, the subgrid stress and heat flux are parametrized in terms of an eddy viscosity and eddy diffusivity model of Deardorff [34] , where the eddy viscosity K m and diffusivity K h are expressed through the mixing length l and subgrid kinetic energy E:
where ∆ = (∆x∆y∆z) 1/3 is the effective grid cell size and l is evaluated depending on the local temperature gradient as
The subgrid kinetic energy E is obtained from a supplementary balance equation. For further details regarding the subgrid model the reader is referred to Nieuwstadt and Brost [15] and Fedorovich et al [26] , where the adequacy of the employed subgrid model for the considered type of convective flow is demonstrated. In order to simplify the mathematical notation further, the overbars will be omitted hereafter in the notation for the resolved-scale variables.
A few words should be said about the numerical procedure and boundary conditions. The LES equations (1)- (3) are discretized in the rectangular computational domain on a staggered grid with uniform spacing. In this domain, a right-hand coordinate system is defined with the longitudinal axis X directed from the inlet to the outlet, the horizontal axis Y oriented perpendicular to the flow, and the vertical axis Z directed upwards from the floor to the ceiling, see figure 1. In the current version of the code, the grid consists of 400 × 60 × 60 cubic cells.
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According to the estimates by Kaiser and Fedorovich [22] , characteristic values of the integral length scale, the Taylor microscale, and the Kolmogorov microscale in the wind tunnel CBL are, respectively, 50 cm, 1 cm, and 0.1 cm. The Taylor micro time scale is about 0.1 s, the convective turnover time scale is about 2 s, and the flow deformation time scale is of the order of 50 s. The spatial discretization on the grid is of the second order in space. The time advancement is carried out by means of the leapfrog explicit time integration scheme with a weak time filter.
Adjustment of the velocity fields to enforce the conservation of mass in the simulated flow is realized by the pressure. A Poisson equation for π is constructed by combining the continuity and momentum balance equations as is done in Nieuwstadt [35] . This Poisson equation is solved numerically by the fast Fourier transform technique over the horizontal planes, and by tridiagonal matrix decomposition in the vertical direction. In the Fourier series expansions, only cosine functions are used to enable matching the Neumann boundary conditions at the sidewalls.
With respect to the boundary conditions, we try to simulate as realistically as possible the actual conditions in the test section of the UniKa wind tunnel. At the sidewalls and at the ceiling of the test section, no-slip boundary conditions for the velocity and zero-gradient conditions for the temperature, subgrid energy, and pressure are prescribed. The log-wall law is employed to calculate local near-wall turbulent shear stresses, through which the mechanical production of E at the wall is expressed. At the heated bottom surface, the Monin-Obukhov similarity relations are used point by point to couple local thermal and dynamic parameters of the flow. The roughness lengths of walls, floor, and ceiling of the domain are set as external parameters.
The values of u, v, w, and T at the test section inlet (the inflow boundary) are prescribed. These inlet values are decomposed in two parts. The first part (the stationary part) is a steady value corresponding to the settings of the tunnel control system for each particular flow configuration. The second part represents a non-stationary fluctuating component of the inflow. These fluctuations are specified as normally distributed non-correlated random values with a given variance, which is estimated from the measured temperature and velocity fluctuations at the first measurement location in the tunnel. The employed method of prescribing the inlet boundary conditions is considered in detail in Fedorovich et al [26] .
The radiation boundary condition, also called the convective (or advective) boundary condition, is used at the domain outlet. For the pressure field, the Neumann boundary conditions are set at both the inlet and outlet.
Wind tunnel experimental set-up
The UniKa thermally stratified wind tunnel has been specially designed as a facility for simulating the inversion-capped CBL developing over a heated underlying surface. A comprehensive description of the tunnel is given in Rau et al [36] , and Rau and Plate [37] .
The tunnel is of close-circuit type, with a 10 m × 1.5 m × 1.5 m test section. The return section of the tunnel is subdivided into ten individually insulated layers. Each layer is driven by its own fan and heating system. This allows pre-shaping of the velocity and temperature profiles at the test section inlet as shown in figure 1 . A feedback control system enforces quasi-stationary inlet conditions for the flow entering the test section. The test section floor, which is constructed of aluminium plates, can also be heated with a controlled energy input to produce a constant heat flux through the underlying surface.
The components of flow velocity in the tunnel are measured by means of laser Doppler velocimetry (LDV). For temperature measurements, a resistance-wire technique is employed. In addition to these measurements, a laser light sheet technique is applied to visualize twodimensional flow patterns on planes oriented along various directions with respect to the flow.
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Flow dynamics in the horizontally evolving CBL
Investigated flow cases
The reference CBL flow configuration, to which we shall relate numerical and laboratory simulation results discussed in the present paper, will be referred to as the basic flow configuration (BFC, see figure 2 ).
In the corresponding experimental set-up of the wind tunnel, the two lower layers of the tunnel, with a depth of 0. Parameters of the CBL turbulence regime in the BFC case are thoroughly discussed in Fedorovich et al [21] , Kaiser and Fedorovich [22] , Fedorovich and Kaiser [23] , and Fedorovich et al [26] .
Additionally to the BFC case, two CBL flow cases with elevated wind shears have been investigated in the present study. The first case denoted as PS in figure 2 The remaining flow parameters in both cases are kept equal to their BFC values. Unfortunately, the NS case cannot be reproduced in the UniKa wind tunnel within its present operating ranges. Therefore, the comparison of numerical results with the wind tunnel data is possible only for the BFC and PS cases.
Attenuation of the CBL growth by positive elevated shear: experimental evidence
The extreme negative value of the entrainment heat flux at the CBL top is usually considered as an indicator of the CBL upper interface and the corresponding elevation is taken as the CBL depth mark and as the CBL turbulence length scale (Deardorff [38] , Fedorovich and Mironov [39] ). The temperature variance maximum that is approximately co-located with the heat flux minimum within the entrainment layer is also often used for identification of the CBL top (Fedorovich et al [21] ).
Evolution of temperature variance T 2 and vertical kinematic heat flux w T profiles along the tunnel in the BFC and PS cases is demonstrated in figure 3 . Note that turbulence statistics in the horizontally inhomogeneous wind tunnel CBL are calculated by time averaging. Therefore, the overbars in the above expressions signify the time averages, not the filtering operation that has been used for velocity and temperature fields in equations (1)-(3) and the primes, consequently, denote deviations from these time averages.
Changes of both statistics along the wind tunnel reveal the progressive growth of the CBL depth as a function of x in the case without elevated shear (BFC). On the other hand, the CBL depth does not significantly vary along the tunnel in the PS case. This may be inferred from practically constant elevations of both heat flux minima and temperature variance maxima within the entrainment zone of the simulated CBL.
JoT 2 (2001) 007
Vertical transport of heat and momentum Additional evidence regarding the attenuation of the CBL growth rate by positive elevated shear has been acquired from wind tunnel experiments on the gaseous tracer dispersion in the horizontally evolving CBL. In figure 4 , a two-dimensional cross section of the concentration field of the tracer emitted from a point source in the CBL with positive elevated shear (PS case) is compared with the concentration distribution in the BFC (no elevated shear). The source strength and location are identical in the both cases. The comparison of concentration patterns clearly shows that the depth of the convectively mixed flow region filled with tracer grows noticeably faster along the tunnel in the PS case than in the BFC case.
Numerical simulation of the CBL with elevated shears of opposite sign
Since the blocking effect of positive shear on the CBL growth was first found in the wind tunnel experiments of Fedorovich and Kaiser [22] , the authors of the present study attempted to elaborate a physical explanation for it. The first idea was to relate the observed phenomenon to the so-called shear sheltering of turbulence. A theory of turbulence sheltering at an interface separating turbulent and turbulence-free flow regions was proposed by Hunt and Durbin [31] . Based on this theory, Fedorovich et al [27] estimated the magnitude of shear sheltering in the PS case and found it to be in reasonable agreement with the wind tunnel observations for this case.
Furthermore, Fedorovich et al [26, 27] have complemented experiments in the UniKa wind tunnel with the LES of the horizontally evolving CBL. Results of these numerical simulations for the BFC and PS cases have shown fair agreement with the corresponding wind tunnel data regarding the mean flow parameters and turbulence statistics.
For the NS case, however, the LES data of Fedorovich et al [27] have yielded a rather unexpected result. It has turned out that negative shear across the inversion affects the CBL evolution in the opposite way as compared to the positive elevated shear: the CBL growth in the NS case occurs faster than that in the BFC case. This result is in contradiction with
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Vertical transport of heat and momentum the theory of Hunt and Durbin [31] that predicts the shear sheltering to be independent of the direction of shear across the interface separating the turbulent and non-turbulent fluids.
In order to gain a deeper insight into the mean flow and turbulence structure of the horizontally evolving CBL with elevated wind shears of opposite sign, a series of new LES experiments has been conducted. Results of these experiments are presented and discussed below. In the simulations performed, all basic parameters of the NS, BFC, and PS cases have been kept as they are given in section 3.1, but the initial inversion elevation has been slightly increased, up to 0.375 m. This allowed us to accommodate additional computational grid points in the mixed core of the CBL.
Temperature distributions along the central XoZ plane of the simulation domain for all three investigated cases are compared in figure 5 . In the upper group of plots, the instantaneous temperature fields are presented. In the lower group of plots, the time-averaged temperature distributions are shown. The averaging approach employed for the calculation of turbulence statistics in the simulated flow is described in Fedorovich et al [26] .
Let us first consider the development of the temperature field in the BFC case with no elevated shear. At the early stages of the CBL evolution (small x values), the vertical distribution of temperature is characterized by the presence of the sharp capping inversion that separates the less buoyant premixed fluid in the lower portion of the flow and the linearly stratified fluid aloft. A thin rugged sublayer with warm air develops close to the heated underlying surface. In the mean temperature pattern, this sublayer appears like a pillow of hot air. The buoyantly generated turbulence has not yet developed to mix up the air below the capping inversion.
The depth of the zone warmed by convective heat transfer from the surface gradually increases downwind whilst the dimensions of the rising convective plumes grow. The growing plumes get detached from each other and the zones of cooler descending air appear between them.
Within the fetch range 2.5 m < x < 4 m, the CBL passes through the transition stage that has been the subject of special investigation in Fedorovich et al [26] . During the transition, the release of potential energy accumulated in the unstable flow at the stage of pre-mixed CBL triggers the active mixing in the flow region below the inversion. The activated vertical turbulent motions strongly perturb the inversion and stimulate the entrainment of the warm air from the quiescent flow above the inversion down into the convectively mixed layer.
Downwind of the transition zone (x > 4 m), the instantaneous temperature pattern consists of vast areas with relatively low temperatures (they correspond to slow and broad downdrafts) separated by comparatively narrow columns of warmer air (they, in turn, correspond to fast rising convective thermals). Such correlation between the instantaneous temperature and vertical velocity patterns in the simulated CBL is demonstrated and discussed in Fedorovich et al [26] . The capping inversion in the post-transition phase progressively weakens due to erosion caused by the rising thermals. The mean temperature distribution for the BFC case allows us to conclude that in the absence of the elevated shear the overall CBL depth slowly increases with distance.
The comparison of temperature patterns for the NS and PS cases with the temperature distributions for the BFC case reveals the effect of elevated velocity shears on the CBL thermal structure, see figure 5 . The average height achieved by the penetrative convective thermals in the case of negatively sheared inversion is obviously larger than in the BFC case with no elevated shear. In the PS case, the situation is the opposite: the thermals penetrate considerably lower into the external stably stratified fluid than in the BFC case.
The mean temperature distributions in figure 5 provide additional support for the above conclusions regarding the CBL growth dynamics. The core region of the CBL with almost
Vertical transport of heat and momentum uniform vertical temperature distribution deepens with distance noticeably faster in the NS case than in the BFC case. On the other hand, the CBL growth is substantially slowed down, not to say practically stopped, in the presence of positive elevated shear. In all three flow cases studied, the heat transport associated with convective entrainment at the CBL top is directed downwards, from the flow region with warmer air above the inversion
Vertical transport of heat and momentum down into the CBL. From this point of view, all these cases are qualitatively equivalent. In order to clarify this issue, we present simulated distributions of the vertical kinematic heat flux along the CBL (the upper three plots in figure 6 ). Despite certain quantitative dissimilarities between the w T fields for the NS, BFC, and PS cases, they demonstrate common general features: the activation of entrainment of heat at the lee side of the transition region and gradual vanishing of the negative entrainment flux down the flow as the capping inversion erodes. At the same time, the horizontal variations of height, at which the entrainment flux magnitude reaches
Vertical transport of heat and momentum its maximum (it can be taken as the indicator of the CBL upper interface, see section 3.1), certify that the CBL growth rates in the three cases considered are not the same. The flow region with negative w T values downwind of the transition zone (it appears as a blue plume in the presented plots) is tilted slightly upwards in the NS case and slightly downwards in the PS case, whereas in the BFC case it is almost parallel to the surface.
However, when it comes to the properties of momentum transport in the upper portion of the CBL, the three simulated situations demonstrate principally different features.
In the case of negative elevated shear, the covariance w u (that is the vertical component of the turbulent kinematic momentum flux) is positive at the capping inversion level, and therefore the turbulent transport of momentum across the inversion is directed upwards (see the uppermost figure from the lower group of plots in figure 6 ). This transport mechanism may also be interpreted as entrainment of negative mean momentum across the inversion down into the convectively mixed layer. In the case of positive elevated shear (the lowermost plot in figure 6 ), the momentum is transported downwards across the capping inversion (the w u values are negative). Thus, in this case the positive mean momentum is entrained into the CBL from the faster moving fluid aloft. As might be expected, the momentum flux distribution in the CBL with the shear-free capping inversion (the BFC case, second plot from below in figure 6 ) does not point to any significant turbulent transport of momentum across the inversion.
Note that in all three cases under consideration the values of negative momentum flux associated with turbulent friction at the underlying surface do not differ very much, see the three lower plots in figure 6 .
The momentum transport across the inversion adversely affects the mean flow inside the CBL in the cases of positive and negative elevated shear. The entrainment of negative momentum in the NS case leads to the progressive decrease of mean velocity in the convectively mixed flow region below the inversion. This decrease can be observed in the mean u distribution for the NS case (the uppermost plot in figure 7 ). In the presence of positive elevated shear (the PS case), the mean flow inside the CBL noticeably accelerates along x due to the entrainment of positive momentum into the CBL from the outer flow with higher velocity. The increase of mean velocity with distance below the inversion is clearly seen in the u pattern for the PS case (the third plot from the top in figure 7) . Without elevated shear, the mean horizontal velocity field has almost zero longitudinal variability throughout the CBL, see the second plot from the top in figure 7 .
Based on the mass conservation considerations, one has to assume that the identified longitudinal changes of the mean horizontal velocity in the PS and NS are accompanied with generation of mean motions in other directions. Due to flow symmetry with respect to the central XoZ plane of the simulation domain, the mean transversal velocity in this plane should be close to zero. Computed distributions of the y component of the mean flow velocity along the domain (not shown) indicate that this component of mean motion is indeed negligibly weak. At the same time, the induced mean vertical motion associated with acceleration/deceleration of the CBL flow below the inversion can be easily identified in the central XoZ plane, see patterns of mean w in figure 7 .
While considering distributions of mean w along the tunnel, it should be kept in mind that the characteristic magnitude of w fluctuations corresponding to the convective turbulent motions in the main portion of the CBL (about 0.2 m s −1 ) is considerably larger than typical values of mean w in figure 7 . Nevertheless, as we will see from the following analysis of the LES data, the role of organized vertical motion becomes important within the capping inversion layer, where it is superimposed with the convective entrainment.
The presented mean vertical velocity distributions for the NS, BFC, and PS cases (in the order from the top to the bottom in the lower group of plots in figure 7 ) have much in common in the flow below the inversion and during the transition, when the release of potential energy accumulated at the pre-transition stage (see the discussion in Fedorovich et al [27] ) causes active upward motions with non-zero mean component. Downwind of the transition zone (at x > 4 m), the features of mean vertical velocity distributions in the three investigated cases are rather different. In the case of negative elevated shear, the area with positive mean vertical motion extends through the inversion layer deep into the outer flow region. The ascending mean motion pushes the capping inversion upwards in
Vertical transport of heat and momentum addition to the convective entrainment that drives the inversion in the same direction. In the absence of elevated shear (the BFC case), the magnitude of mean vertical motion at the level of inversion is vanishingly small. Under such conditions, the CBL grows almost exclusively by convective entrainment. As we have seen in the plots of temperature and kinematic heat flux (figures 5 and 6), this growth is noticeably smaller than in the case of negative elevated shear.
In the case of positive elevated shear, the flow acceleration below the inversion leads to the downward mean vertical motion at the inversion level. The blue belt of negative mean w values along the inversion in the PS case is clearly seen in the lowermost plot of figure 7 . This belt is an indicator of local subsidence at the CBL top that opposes the entrainment and slows down the CBL growth compared to the CBL case with shear-free inversion.
Discussion and conclusions
The reported study has focused on the role of elevated wind shears on the growth dynamics of horizontally evolving CBL and properties of vertical transport across the sheared density interface (the capping inversion) at the CBL top.
Three CBL flow configurations have been investigated. In the first configuration, which is the case of negative wind shear across the inversion (we have also called it negative elevated shear, NS), the flow above the capping inversion possessed a smaller momentum than mean motion in the convectively mixed region of the CBL. The second configuration corresponded to the reference (basic) CBL flow case (BFC) with no mean velocity increment across the capping inversion. In the third configuration, the flow above the capping inversion possessed a larger momentum than mean motion in the convectively mixed flow. This was the case of positive shear across the capping inversion or positive elevated shear (PS). The magnitudes of the initial across-inversion velocity increments in the NS and PS cases were equal.
The effect of negative elevated shear on the CBL growth was found to be opposite to the effect of positive elevated shear. In the NS case, the CBL growth was enhanced compared to that observed in the BFC case, while the CBL growth rate in the PS case was noticeably smaller that in the BFC case.
In their recent paper regarding evolution of CBL with elevated wind shears, Fedorovich et al [27] explained the aforementioned effects by different impacts of negative versus positive wind shears on convective thermals penetrating into the stably stratified flow with higher (in the PS case) and lower (in the NS case) mean momentum than the momentum of the CBL flow. The explanation was based on the analysis of particular characteristics of the CBL turbulence structure as modified by elevated wind shears of opposite sign.
Results of the present study suggest that Fedorovich et al [27] have correctly identified the modifications of turbulence structure in the CBL with sheared capping inversion but overlooked the main effect of elevated wind shear on the flow dynamics in horizontally evolving CBL. This main effect is associated with local organized vertical motions at the CBL top due to acceleration or deceleration of the CBL flow caused by the turbulent transport of momentum across the sheared capping inversion.
The acceleration of the CBL flow (the increase of the u component of mean motion with x below the capping inversion) takes place in the PS case. Due to the fluid continuity it produces negative (descending) mean vertical motion at the level of inversion. The opposite happens in the NS case, when the upward transport of momentum across the inversion leads to deceleration of mean flow within the CBL. This deceleration leads to positive (ascending) organized vertical motion pushing the capping inversion upwards.
The generated vertical motion component differently interacts with convective turbulent entrainment at the CBL top in the NS and PS cases. In the NS case, the organized upward motion
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The discussed effect of elevated wind shear on the CBL flow dynamics leaves open the problem of experimental verification of the Hunt and Durbin [31] theory of turbulence shear sheltering in the case of a CBL-type flow. In the studied cases of the horizontally inhomogeneous CBL, the impact of generated mean vertical motion on the growth of the turbulent flow region (that is the convectively mixed layer in our case) has apparently been much stronger than any second-order effect associated with modification of turbulent exchange across the inversion layer by mean flow shear. In order to single out and evaluate the direct influence of elevated wind shear on the penetration of convective turbulent motions through the capping inversion, one has to investigate the fine structure of turbulence within the sheared capping inversion at the top of a non-steady and horizontally quasi-homogeneous CBL.
